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1. Introduction
  
 In accordance with regulations surrounding 
endangered species to avoid invasive sampling 
practices, geneticists have moved towards non-
invasive methods by collecting feces, urine, food 
waste, and other discarded materials (Inoue et al. 
2007; Rutledge et al. 2009). It is now possible to 
extract viable DNA from these wildlife by-products 
and primate conservationists have begun to build 
protocols to investigate populations using these 
sample types (Goossens et al. 2000; Nsubuga et al. 
2004; Simons et al. 2012). 
 Orangutans (genus: Pongo) as semi-solitary 
arboreal, deep forest primate group, present an 
extreme example of how difficult non-invasive 
genetic sampling can be in the wild. However, over 
the past two decades there have been several studies 
using non-invasive fecal sampling investigating 
relatedness and metrics of genetic diversity within 
populations from study sites in Borneo and Sumatra. 
These studies which used different methods and 
genetic markers produced a range of results for each 
site; for example higher female relatedness was 
found in Sebangau (Q and G r = 0.046 and Wang r = 
0.166; Morrogh-Bernard et al. 2011) and in Tuanan 
(TrioML, Wang, and Q and G; Arora et al. 2012) and 
more equal but low relatedness within males and 
females at Ketambe (Q and G r = -0.095 and r = -0.108, 
respectively; Utami et al. 2002) and more equal but 
high relatedness within males and females at the 
Lower Kinabatangan Wildlife Sanctuary (Q and G 
r = 0.142 and r =0.148, respectively, Goossens et al. 
2006). Understanding how these relatedness values 
are influenced by dispersal and reproductive patterns 
have direct consequences for species viability in the 
wild. Thus, having high quality and efficient methods 
to study these patterns is important for assessing 
management options.
 Despite much improvement in genotyping 
practices, microsatellite (or Short Tandem Repeat, 
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STR) analysis used in the majority of past orangutan 
genotyping studies is time consuming and requires 
multiple sample replicates to ensure all loci are 
amplified during the PCR process; further it is often 
plagued with issues of low initial template DNA and 
failure of amplification of some loci due to inhibitors 
from co-extracted fecal matter. STR DNA fragments 
also require visualization through gel electrophoresis 
which is another labor intensive multistep process. 
 Recent improvements in next generation 
sequencing and genotyping techniques have 
provided a relatively swift genotyping process which 
is increasingly affordable for often inadequately 
funded primate conservation projects (Vigilant and 
Guschanski 2009). Single nucleotide polymorphism 
(SNPs) loci have been identified and mapped across 
the human genome, and are being discovered 
increasingly for model and non-model organisms 
(Kanthaswamy et al. 2009; Norman et al. 2013; 
Rianti et al. 2015; Bourgeois et al. 2018). The use 
of commercially available sequencing kits and 
microarray genotyping chips across closely related 
species has helped discovery of conserved SNP 
loci (Miller et al. 2011; Ogden et al. 2012; Hoffman 
et al. 2013). However, researchers have not yet 
taken advantage of the relative genetic closeness of 
orangutans to humans for which the most commercial 
products are currently targeted.
 In order to streamline the process of non-invasive 
genotyping to investigate the genetic relatedness of a 
previously unsampled local wild Bornean orangutan 
(Pongo pygmaeus) population at the Camp Leakey 
research site, we designed and assessed a new 
protocol for microarray SNP genotyping of orangutan 
DNA isolated from feces. This paper details a novel 
process which combines fecal DNA extraction with 
a modified magnetic bead enrichment capture 
technique, FecalSeq (Chiou and Bergey 2018), 
followed by orangutan genomic SNP genotyping by 
cross species use of human targeted microarray chips. 
Relatedness estimates produced by genotyping with 
this new process are complimented and assessed 
by comparison with a micro-capillary STR marker 
genotype dataset.
 2. Materials and Methods
2.1. Study Site
 With an area of approximately 4,150 km2 (1,886 
km2 of orangutan habitat), Tanjung Puting National 
Park (Figure 1) is one of the largest protected areas 
in Central Kalimantan (Utami-Atmoko et al., 2017). 
The Camp Leakey study area was initially established 
within a 35 km2 area and contains a mix of dry ground 
tropical heath and dipterocarp forests with veins of 
permanently wet and seasonally flooded peat swamp 
threaded throughout (Galdikas 1979). The local 
wild orangutans are behaviorally observed on an 
ongoing basis within the study area which contains 
maintained trails (Galdikas 1982, 1985, 1988).
 In ongoing data collection at Camp Leakey since 
its establishment, local wild individuals who are 
identifiable by local staff and researchers, as well 
as any unidentified individuals encountered, are 
behaviorally studied through follows from nest to 
nest each day. Data are collected by focal follows 
of orangutans for ten day periods. Matrilineal lines 
have been recorded for at least three generations 
on females whose home range included the Camp 
Leakey study area site. Thus, some relatedness values 
between sampled individuals are known and mother 
offspring pairs were identified in Table 1.
2.2. Sample Collection 
 Fecal sampling of wild orangutans within the Camp 
Leakey study area took place between January and 
August 2016. Once located and visually identified and 
Figure 1. The Camp Leakey Study Area is located along the 
Sekonyer River in the northern portion of Tanjung 
Putting National Park in Central Kalimantan, 
Indonesian Borneo, Indonesia
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confirmed by experienced field assistants as either 
a known or unknown wild individual, orangutans 
were followed continuously until defecation was 
observed. Fecal samples were collected in duplicate 
and stored as per a two-step method (Nsubuga et al. 
2004). Samples (approx. 2-10 g) were collected using 
sterile gloves and a sterile collection spoon to avoid 
contamination, and initially stored in 30 ml of 97% 
ethanol solution (step one). Ethanol solution was 
discarded 24 to 36 hours later and ~10 g of silica gel 
beads were placed inside sample container (step two). 
Samples were then transferred stored in refrigerator at 
-40°C until processing. Samples were collected under 
approved Central Washington University IACUC, 
with permissions from the Indonesian Institute of 
Sciences (LIPI), the Director general of Indonesian 
Directorate of Biodiversity Conservation, with prior 
informed consent from Tanjung Puting National 
Park with assistance from Orangutan Foundation 
International staff, and exported from Indonesia to 
Central Washington University under the Convention 
on International Trade in Endangered Species export 
permit 01152/IV/SATS-LN/2017.
2.3. DNA Extraction 
 DNA was extracted using the QIAamp DNA 
Stool Mini Kit® Qiagen DNA extraction kit. Initial 
DNA extraction was conducted by hand and then 
subsequent extractions were automated using the 
QIAcubeTM robot for increased standardization. 
The standard kit protocol was used except with 
modification of an extended cell lysis step with an 
overnight incubation period of 14-18 hours in 23°C 
heat block after addition of lysis buffer and prior to 
Table 1. Orangutans genotyped in this study
**two sample extracts from these individual orangutans were genotyped on the SNP chip 
Orangutans with names are those who were identified 100% by at least two local field staff and witnessed on multiple 
occasions in the study area during sample collection. The others represent either unknown individuals or those whose 
identity was not absolutely verified at the time of collection

































































Orangutan ID Previously known relationships
BDM1 is mother to JMM12 and 
ABDM12 and older sister to BDM3
Younger sister to BDM1
No known
No known
BDR1 is mother to ABDR1
BDP1 is mother to BR01












ABDM21 is niece to BDM1 and BDM3 
BD07 is mother to ABD07
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insertion into the QIAcubeTM machine. An additional 
extended incubation hold of 30-120 mins was added 
before final elution step. For microsatellite (STR) 
analysis, extracts underwent a double inhibitor 
cleanse where samples (or existing extracts) were 
incubated in Inhibit-Ex buffer as well as an Inhibit-
Ex tablet for the 14-18 hours as stated above. Total 
DNA was then quantified using a NanoDrop 2000 
spectrophotometer reading. 
 Analysis was conducted on DNA isolated from 
fecal samples from 32 wild individuals at Camp 
Leakey. This included two adult wild males, 14 adult 
females, two adolescent nulliparous females (with 
known maternity), eight infant or young juvenile 
offspring (seven with known maternity among those 
sampled), four juvenile/adolescent males (one with 
known maternity, the others unknown and found 
traveling on their own), and two unknown subadult 
males. In total 15 of these individuals were known 
and named, in that they were identified by at least 
two local field staff and witnessed on multiple 
occasions in the study area during sample collection. 
The others represent either unknown individuals or 
those whose identity was not absolutely verified at 
the time of collection. The orangutans sampled and 
genotyped in this study are listed in Table 1.
 To gauge initial quantity of orangutan DNA 
extractions, quantitative real-time PCR (qPCR) was 
conducted on samples using universal mammalian 
MYCBP primers (Higuchi et al. 1993) and a SYBR 
green Universal Master Mix on the BioRad iQ5 
Optical qPCR system. Multiple (2-4) DNA extractions 
were conducted for each individual (except three 
individuals were only able to be extracted once due 
to a low quantity sample) and initial 69 DNA samples 
were evaluated for quality and relative quantity by 
the ability to be amplified with real time PCR. Only 
samples with total orangutan DNA greater than 
20 ng were used for the SNP microarray analysis. 
Extracts that were less than 20 ng were pooled for 
each individual for either further enrichment or to be 
run directly on the microarray. For those individuals 
whose samples were pooled for SNP genotyping, 
further extracts were conducted for STR analysis but 
were not evaluated and quantified using qPCR.
2.4. Genotyping
 For microarray SNP analysis, the FecalSeq 
(Chiou and Bergey 2018) technique, based on the 
New England Bio-labs NEBnext Microbiome DNA 
Enrichment Kit, was used on a subset of 27 individuals 
to separate host orangutan DNA from co-extracted 
fecal microbial DNA. This technique uses methyl-
tagged magnetic beads which bind selectively to 
CpG-methylated eukaryotic DNA which can then 
be separated from the remaining bacterial sample 
using a magnet. The resulting host enriched DNA was 
utilized for microarray SNP analysis. Samples post 
enrichment were further evaluated and quantified 
using the above outlined qPCR technique, with the 
addition of a universal bacterial 16S rRNA primer 
(Corless et al. 2000), to test for a decrease in bacterial 
concentration in order to assess sample enrichment 
success.
 SNP microarray analysis was conducted on 48 
samples which consisted of the following: 1 human 
DNA extract used as a positive control, 27 extracts from 
the FecalSeq enrichment process, and the remaining 20 
were un-enriched extraction products. DNA extracts 
underwent a quality check and gender confirmation 
using Taqman real time PCR quantification and were 
run on an Illumina Infinium Human QC microarray 
SNP chip to identify homologous human single 
nucleotide polymorphism (SNP) loci. Microbeads 
on the chip hybridize specific known human SNP 
locations using targeted probes. UV light causes 
fluorescence of the bound colored probes as specific 
nucleotides hybridize resulting in light intensity and 
color data. These data are translated using custom 
proprietary Illumina software, GenomeStudio2.0.
 In order to assess the quality of microarray 
genotypes and resulting relatedness estimates, 
microsatellite (STR) marker genotyping through 
targeted amplification and visualization was also 
performed. Eight STR autosomal markers were 
selected from those used in several former studies 
and described by Nietlisbach et al. (2010). These short-
repeated sections were amplified using targeted 
primers and through polymerase chain reaction (PCR) 
thermocycling. PCR conditions followed Arrora et al. 
(2010) and Nietlisbach et al. (2010) using SigmaAldrich 
Redtaq mastermix. A subset of samples underwent 
multiple amplifications for each of the targeted 
regions. Error rates were calculated from this subset. 
PCR amplifications were electrophoresed on micro-
capillary DNA1000 chips on the Agilant Bioanalyzer 
2100 machine. Resulting electropherogram data 
were visualized and analyzed using the Agilant 2100 
Expert software. Fragment variant lengths for eight 
autosomal tetra-nucleotide loci, five Pongo specific 
(Nietlisbach et al. 2010) and three human specific 
(Goossens et al. 2005), (Table 1) were coded visually 
using the gel-like densitometry plot data comparison 
view. High quality Pongo DNA, and human DNA, as 
positive control, were amplified alongside samples 
to confirm band sizes and intensity. Bands were 
identified as separate loci when repeatedly amplified 
or observed (more than once) and when at least four 
base pairs apart from bands above or below (once 
corrections between chip runs were done). In total 29 
individuals underwent genotyping using this method 
(e.g., 22 of the same individuals with SNP genotypes). 
2.5. Statistical Analysis
 Allele frequencies and distinct individual 
identities were confirmed using Cervus (Kalinowski 
et al. 2007) software for both genotyping techniques 
(e.g., microarray and STR). Resulting genotypes from 
both methods were analyzed for Hardy-Weinberg 
equilibrium and to assess linkage disequilibrium using 
online software GenePop (Rousset 2008). In order 
to assess quality of SNP genotypes and to compare 
to the STR dataset, resulting pairwise relatedness 
values were calculated for the 22 individuals within 
both datasets using the triadic likelihood estimator, 
TrioML (Wang 2007), and two moment estimators 
used in past studies, the coefficient of Wang 
(Wang 2002), and Queller and Goodnight pairwise 
relatedness estimator (Queller and Goodnight 1989), 
rxy, using the Colony 2.0 (Jones and Wang 2010) and 
COANCESTRY 1.0 (Wang 2011) software. Relatedness 
values for the subset of 22 individuals within both 
datasets were calculated using allele frequencies 
from adults in each entire dataset. Overall group and 
pairwise relatedness values calculated with each 
estimator were tested for correlation through paired 
and unpaired t-tests and Mantel matrix correlation 
tests in the ade4 (Dray and Dufour 2007) package in 




Average total orangutan DNA proportion per 
100 µl extract was 3.31% (range <0.01–82.7%). After 
undergoing the FecalSeq magnetic bead enrichment 
process to separate endogenous orangutan DNA from 
that of contaminating microbiome found in feces, 
bacterial DNA quantities in extracts decreased from 
30-500 fold (median 140 fold decrease). While Pongo 
DNA quantities decreased as well, the average was by 
about half (median = 57% initial DNA remaining, range 
12-95.8%), but was enriched compared to bacterial 
DNA. The 27 post-enrichment samples with highest 
orangutan concentrations, were then chosen to be 
run on the Illumina SNP microarray. Initial quality 
control Taqman qPCR testing confirmed the known 
sexes of 38 of 45 samples run on the microarray 
(with the 7 unconfirmed due to low signal and 
none providing opposite sex assignment) as well as 
identified the unknown sex of three infants. Total DNA 
concentrations for enriched samples ranged from 
0.85 ng/µl to 7.39 ng/µl and total DNA concentrations 
for un-enriched samples were 14.3ng/µl to 48 ng/µl.
Microarray data from un-enriched samples was 
poor, with light intensity (Norm R) and color (Norm 
Theta) results scattered across the spectrum (grey 
scattered dots in Figure 2). Clustering did not occur 
as should be expected in comparison to human DNA 
results. However, for the enriched samples visual 
inspection identified 125 of the SNP loci out of 15, 
949 on the microarray that provided clear assignment 
signals and clusters (green dots in Figure 2). These 
125 loci (0.78% of the total on the microarray) were 
further identified as presenting similar clustering 
patterns to those of human data (examples of this at 
four SNP loci discovered are shown in Figure 2) and 
presenting high enough minor allele frequencies (125 
> 0.018, 104 > 0.1, 61 > 0.2) to be used for genotyping.
The 125 homologous bi-allelic SNP loci 
(Supplementary S1) were used to create genotypes 
for 27 individuals at a minimum of 65 (52% of the 
total 125) loci. Through identity analysis, two pairs of 
samples originally assumed to represent four unique 
individuals in the 27 individuals in this SNP dataset 
were identified as representing two individuals each 
sampled twice, matching at respectively all 93 and 
81 loci in common and both pairs mismatching at 0 
loci. These two pairs of individuals were confirmed 
as representing just two individuals sampled in 
repetition but whose identities were not 100% 
confirmed in the field at the time of collection. The 
mean proportion of the 125 SNP loci typed for the 
27 individuals was 0.72 and combined non-exclusion 
probability of identity was 3.07e-37.
STR genotyping was conducted on 355 PCR 
amplifications for 33 individuals. Samples from 
four individuals repeatedly did not amplify so we 
were unable to genotype them using this method. 
Thus, we produced successful genotypes for 29 
individuals. Of the successful amplifications 39% 
were individuals genotyped in duplicate, 14% were 
individuals genotyped in triplicate, and 7% were 
individuals genotyped more than three times. 
Allelic drop out error rates were calculated from this 
multiple genotyping to be 0.055. Mean proportion of 
STR loci typed was 0.88, and combined non-exclusion 
probability of identity was 6.6e-7.
3.2. Genetic Diversity 
Overall average observed heterozygosity (Ho) for 
the 125 SNP markers was 0.36, SD = 0.19, average 
expected heterozygosity (He) was 0.34, SD = 0.14, 
with average polymorphic information content (PIC) 
of 0.27, SD = 0.092. Average inbreeding co-efficient 
(FIS) was -0.037, SD = 0.32. Of the 125 individual SNPs, 
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10 loci differed significantly from H-W equilibrium 
(α = 0.05), with both lower and higher than expected 
heterozygosity and corresponding high and low FIS 
values. These values can be found in Supplementary 
S1. 
Allele frequency calculations and tests for 
heterozygosity and deviation from Hardy-Weinberg 
(H-W) equilibrium for the eight microsatellite 
STR autosomal markers found average observed 
heterozygosity (Ho) to be 0.65 with an expected (He) 
value of 0.66 with average PIC of 0.591, with one 
marker D13S765 showing significant deviation from 
H-W equilibrium (p = 0.001). Average FIS inbreeding 
coefficient for the 8 autosomal markers was 0.003 
(SD = 0.14). These values can be found in Table 2.
3.3. Relatedness 
Initial Cervus identity analysis of the SNP dataset 
also confirmed the shared identity of the two pairs 
of individuals each sampled twice within the SNP 
samples as well as verified all other individuals as 
unique. These duplicate genotypes were removed 
and not used for further analysis. Identity analysis of 
the STR data confirmed all the individuals as unique. 
This resulted in 25 individuals with SNP data, 29 with 
STR data, and 32 unique individuals in total.
Pairwise relatedness estimates of the coefficient of 
Wang produced by Coancestry and parentage analysis 
using Colony confirmed four of five known mother 
offspring pairs in the SNP Data and the one non-
confirmed pair gave a maximum r estimate of 0.23, 
and confirmed all seven within the STR data (Table 3). 
Average mother-offspring relatedness across all three 
estimators was 0.46 sd = 0.19 (SNP data) and 0.43 sd 
= 0.16 (STR data).
Pairwise relatedness values for the 22 individuals 
with both SNP and STR genotypes were compared 
using a Mantel correlation test and showed a positive 
Figure 2. GenomeStudio SNP graph clustering results for four SNP loci. Orange dots are sample human data, green dots are 
the 27 enriched samples and dark grey dots are unenriched samples. Norm Theta represents the light color read 
and Norm R is the light intensity. Circles and dark colouration are areas where allele assignments or calls are 
made. The two exterior red and blue circles represent homozygous calls and center purple is heterozygous call
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Table 2. Autosomal microsatellite (STR) markers
Table 3. Expected and estimated pairwise relatedness (Wang (r)) for known mother-offspring pairs 
*indicates a statistical departure from HW equilibrium 
Allelic diversity A, number of genotyped individuals, observed heterozygosity HO, expected heterozygosity HE, polymorphic 
information content PIC, average FIS (Weir and Cockerham 1984) and p-value plus standard error S.E. of probability test 
for deviation from Hardy-Weinberg (HW) equilibrium
Name
Related mother-offspring Pairs
n HO HE PIC P-val S.E. FIS Wa and C










































































































































correlation for all three estimators TrioML (r = 0.81, p 
<0.001), Wang (r = 0.34, p = 0.018), and Queller and 
Goodnight (r = 0.42, p = 0.0032). The two datasets 
were then combined for all 32 individuals and a third 
new “Combo” dataset was produced and compared.
Overall relatedness was calculated for each data 
set using three estimators and the combined dataset 
and is presented in Table 2. Overall relatedness in all 
32 individuals from the Combo (SNP and STR) dataset 
using the TrioML estimator was 0.082 (var = 0.021). 
Results of a paired t-test to compare the overall 
TrioML averages of the SNP (r = 0.096, var = 0.023) and 
the Combo dataset found no significant difference 
with conditions (t(612) = -1.31, p = 0.19). A test to 
compare the STR mean r = 0.082 (var = 0.020) and the 
Combo dataset also showed no significant difference 
(t(869) = 0.022,  p = 0.98).
We determined all males were related to two or 
more individuals in our sample at the level of first 
cousins or higher. A mother was able to be assigned to 
two unknown males (one subadult and one juvenile) 
within the study area. The two adult fully flanged 
males were estimated to have first cousin and higher 
relatedness with both females and other males within 
the sample. 
Average adult female relatedness within the 
sample is approximately between the levels of half 
cousin (or first cousin once removed) and first cousins 
(e.g., r values range 0.0625-0.125), with all adult and 
juvenile females having a close (e.g., at least half sib, 
aunt/niece, or first cousin) relative within the study 
area. One unknown adult female–adult daughter 
pair observed and sampled within close proximity 
was identified. This is the same mother of the two 
unknown males. Two other unknown adult females 
were identified as full siblings. 
4. Discussion
 This is the first known study to combine the use 
of non-invasive fecal DNA sampling and extraction, 
methyl based enrichment FecalSeqTM (Chiou 
and Bergey 2018), and human targeted Illumina 
Infinium SNP microarray genotyping technology 
for population monitoring of an endangered great 
ape. The use of fecal DNA sampling has become 
standard for cryptic and sensitive endangered 
species. However, difficulties arising from low 
endogenous DNA quantity within samples remain 
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pervasive. Combining extraction with the FecalSeq 
methyl based magnetic bead capture enrichment 
technique increased the concentration of orangutan 
DNA (vs bacterial DNA etc). Of the samples that were 
tested on the Illumina microarray chip only those 
that underwent the FecalSeq enrichment process 
produced successful genotypes. Initial quantification 
of DNA samples indicated averages of approximately 
3% endogenous DNA in our fecal extractions which 
is consistent with published numbers (Perry et al. 
2010; Chiou and Bergey 2018). It is likely that this 
large amount of non-specific exogenous DNA in 
these samples overwhelmed the small quantity of 
orangutan DNA in pure un-enriched samples run on 
the microarray. By decreasing these non-specific DNA 
concentrations through enrichment, the orangutan 
DNA was able to be amplified and bind successfully 
to the homologous human based SNP tagged beads 
on the microarray. Despite low initial DNA quantities 
our results corroborate evidence that reliable results 
can be produced from “near nanogram” levels (Okitsu 
et al. 2013) on Illumina Infinium SNP microarrays. 
 Cross species microarray analysis has shown to be 
possible within species as genetically distant as oryx 
(Oryx spp.) and modern domesticated bovine (Bos 
Taurus, e.g., divergent at least 23 million years from 
each other; Ogden et al. 2012) and Antarctic fur seal 
(Arctocephalus gazella) and domestic dogs (Canis lupus 
familiaris) who diverged approximately 44 million 
years ago (Hoffman et al. 2013). These studies were 
able to respectively identify 185 of 54,001 (0.34%) and 
173 of 173,662 (0.01%) homologous polymorphic loci 
in common. A further study of wild thin horn (Ovis 
dalli) and bighorn (Ovis canadensis) sheep genotyped 
on a chip designed for commercial domestic sheep 
(Ovis aries; e.g., divergent relatively more recently 
than the other examples at approximately 3 million 
years ago) identified 868 of 49,034 loci (1.7%) to be 
polymorphic and in common (Miller et al. 2011).  Early 
investigations into ancestral alleles among humans 
and apes also showed ape DNA can be genotyped 
using human microarrays (Hacia et al. 1999), and 
confirmed three and two common homologous 
polymorphic loci of 397 (0.75% and 0.5%) between 
bonobos and gorillas and humans respectively. Our 
results producing 125 common genomic polymorphic 
loci for P. pygmaeus of the 15,949 human loci (0.78%) 
probed for and fit percentages found by these past 
cross-species studies. These positive results suggest 
further attempts at cross species genotyping of Pongo 
DNA on much larger human mapped chips could 
identify many more common polymorphic SNP loci. 
 In order to verify the quality of the SNP 
genotypes produced, microsatellite STR genotyping 
was conducted for comparison using the Agilent 
Bioanalyser 2100 through micro-capillary based 
electrophoretic chips. Despite the fact that resolution 
of tetrameric STR loci can be problematic on this 
platform (Fraige et al. 2013) the use of the 2100 Expert 
software electropherogram overlay and comparison 
context allowed for calibration of inter-gel and inter-
well differences. Using repeated amplifications, visual 
inspection, and known fragment lengths published 
by previous authors (Utami et al. 2002; Nietlisbach 
et al. 2010) variants were identifiable within known 
ranges and genotypes were successfully assigned. 
 Allele frequencies calculations revealed one 
marker for the STR dataset and ten SNP loci showing 
significant deviation from H-W equilibrium. Average 
FIS values across all loci was negative across SNP loci 
and very close to 0 for STR loci. This negative FIS value 
in the SNP data suggests an excess of heterozygosity 
and the possibility of two formerly distinct groups 
now having admixture. However, more replicates 
across individuals are needed to confirm SNP 
assignment and reduce variance in order to help verify 
this phenomenon. Seven loci (i.e., 1 STR and 6 SNP) 
also showed a high departure from HW equilibrium 
could be the result of loss of heterozygosity through 
inbreeding within the sampled individuals.
 Several comparisons of pairwise estimators 
of relatedness have detailed differences between 
various statistical methods categorized as either 
moment and likelihood methods. Wang (2007) 
compared the TrioML maximum likelihood estimator 
to several moment estimators including his newest 
moment estimator (referred to as Wang in Table 4) 
as well as more commonly used moment estimator 
by Queller and Goodnight (Q and G) and others. This 
comparison showed that the TrioML produces the 
most accurate estimates for large datasets both 
SNP and STR. Subsequent publications have shown 
Table 4. Mean sample wide relatedness values for each dataset 
Each dataset, number of loci used and how many individuals were included n, each of the three relatedness estimators 
TrioML, Wang, and Queller and Goodnight Q and G, followed by the variance for each estimate 
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that in small datasets, where allele frequencies 
are estimated from the sample for which one is 
calculating relatedness (as is the case in our dataset), 
that population wide average moment estimates are 
expected to be negative and very close to 0. However, 
the modified product moment estimators by Wang 
(2014, 2017) and Ritland (Lynch and Ritland 1999) give 
the least biased pairwise estimates for high and low 
related individuals respectively. The Wang pairwise 
relatedness estimated for the known mother-
offspring pairs in our dataset indeed appeared to be 
closest to the expected 0.5. Through simulations with 
empirical data Taylor (2015) found that the TrioML 
estimator correlated closest to “true” relatedness 
and was least biased for estimates of pairs in high 
relatedness categories. Thus, it appears that there 
may be combinations of dataset sizes and types, 
and estimator types that produce the most accurate 
estimates for different levels of relatedness. The three 
relatedness estimators clearly produce quantitatively 
different sample wide averages in our study across 
all three of the datasets, with TrioML producing 
the highest r values, Wang producing a lower and 
very close to 0 overall r, and Q and G producing 
more negative relatedness values (Table 4.). These 
differences in our overall r estimates reflect different 
estimator biases. The inclusion of further genotyping 
from more individuals as well as more individuals 
with known relatedness would help to confirm if this 
is the case.
 However, relatedness estimates calculated using 
the three estimators in our study were not significantly 
different between the STR and SNP datasets. Mantel 
correlation test of matrices of pairwise relatedness 
estimates for the 22 same individuals showed 
statistically significant strong positive correlations 
between r values between any two of the estimators 
compared. Additionally, we were able to confirm 
a majority of the known mother-offspring pairs 
with both datasets. The one mother offspring pair 
showing lower a relatedness of 0.23 could be due 
to misidentification of a sample taken with related 
mothers and offspring in near vicinity during sample 
collection. Overall, the combined results suggest 
sufficiently similar pairwise relatedness estimates 
between both of the SNP and STR genotyping 
methods and that this method can be used to assign 
relatedness in unknown individuals and is useful for 
understand orangutan demographics.
 This study verified the existence of a closely related 
group of wild orangutans including adult males and 
females who are local to the Camp Leakey Study area. 
All sampled individuals appear to be from a dispersed 
but related community. More work will be needed to 
explicate the relationships in detail.  The results from 
this study show that orangutan DNA collected from feces 
can provide useful SNP genotypes when run on a human 
targeted micro-array. Endogenous fecal DNA is often 
co-extracted with high concentrations of bacterial DNA 
and inhibitors, thus the Fecalseq enrichment technique 
was critical to capture endogenous orangutan DNA 
and reduce inhibitors before conducting SNP analysis. 
The fact we produced similar relatedness and diversity 
estimates using this technique provides an exciting new 
avenue for great ape researchers for discovering SNP 
loci and genotyping from non-invasive fecal samples 
from the wild. New genotyping technologies based 
on the genetic closeness between humans and apes 
provide opportunities for understanding wild ape 
populations and providing critical genetic data to 
support conservation efforts. Any expansion of our 
knowledge of any of the remaining wild orangutan 
populations are critical for our overall understanding 
of the species as a whole and the likelihood of their 
survival long term.
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Supplementary S1. SNP Loci
Di-allelic human SNP loci, human chromosome number and MapInfo coordinate for SNP, number of individuals 
genotyped, observed heterozygosity HO and expected heterozygosity HE, polymorphic information content PIC, p-value 
of probability test for deviation from Hardy-Weinberg equilibrium, and average FIS (Weir and Cockerham 1984)








































































































































































































































































































































































































































































































































































HAYATI J Biosci                                                                                                                                                                   73
Vol. 29 No. 1, January 2022
Supplementary S1. Continued










































































































































































































































































































































































































































































































































































































74                                                                                                                                                          Linsky RE et al.
Supplementary S1. Continued
*indicates significant deviation from HW equilibrium
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